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Abstract
This thesis aims to theoretically investigate the eects of material interfaces universally existing in seismogenic
zones on dynamic earthquake faulting. For this purpose we here uniquely attempt to understand the eects of
material interfaces comprehensively by considering two types of faults; a fault along a material interface and
across a material interface. Hence this thesis consists of four chapters; a preface, part 1? theoretical analysis of
mode-II steady state dynamic slip pulse propagating along a bimaterial interface?, part 2? theoretical analysis
of mode-III dynamic rupture propagation across a bimaterial interface?, and a postscript.
In the preface, we explain that inhomogeneity of media around faults should be considered in fault mechanics
and focus on the necessity of additional analytical investigations for the physical understandings of complex
dependencies of various controlling parameters in order to consider the inhomogeneity. On the basis of this
idea, we set our approach that we obtain physical understanding by deriving analytical solutions of our model
in our context as much as possible.
In the part 1, we consider a fault along a bimaterial interface and investigate the dynamics. For this problem,
several pioneering analytic works until 1980 had pointed out newly signicant eects of bimaterial interface on
fracture mechanics and numerous subsequent numerical works since 1990's have shown many implications in
seismology. Moreover, It has been increasingly reported observation data that support the above theoretical
predictions and resultant implications. Although, as a whole, numerical approach are dominant for this ploblem,
previous numerical studies did not investigate dependence on parameters for dynamic behaviour of bimaterial
faults exhaustively, so that progress of mathematical analysis whose result includes many parameters and
permits precise discussion is required in order to interpret the whole picture and some physical backgrounds
of results suggested by the numerical studies in an unied manner. In recent, however, mathematical studies
for this problem are very few while such studies had led this eld of study formerly. Hence, in this study,
we put a focus on a steady state dynamic slip pulse model along a bimaterial interface and investigate an
analytical solution of this model. While we cannot consider nucleation and termination of rupture in this
model due to a strong assumption of steady state, instead, we can precisely analyse parameter dependence
because this model allows us to simplify the problem mathematically. By employing this model, we derive
an analytical solution that fulls the following three physically valid conditions: 1) the pulse propagates with
any constant rupture velocity, 2) a coecient of friction varies depending on slip, and 3) slip velocity is zero
when slip starts. As the rst achievement of us by using this solution, we can specically show that the
solution that fulls the three conditions does not always exist and be determined depending on pre-stress state,
process zone size, rupture direction and velocity when the solution exists. In a problem of in-plane rupture
propagating along a bimaterial interface, it has been predicted that behaviour of rupture depends on rupture
direction because, unlike rupture propagating in a homogeneous medium, displacement eld is asymmetry in this
problem. Nevertheless, previous mathematical analyses has rarely investigated the dependency and, moreover,
their consideration has been limited in a case that rupture velocity is very high. On the other hand, our
achievement is quite useful for discussing how rupture depends on its propagating direction with any rupture
velocity. As the second achievement of us, we show that theoretical limit of rupture velocity along a bimaterial
interface is slightly dierent from a limiting velocity predicted by a previous analysis. Formerly, it had been
derived that there exists the generalized Rayleigh function for the bimaterial problem and interpreted that its
zero gives theoretical upper limit of rupture velocity. Our analysis, however, suggests an unique interpretation
that the model collapses before its rupture velocity reaches zero of the generalized Rayleigh function. Although
normal stress perturbation due to slip on a bimaterial interface has been known, we show the perturbation
gives upper limit of rupture velocity in a non-opening slip pulse model for the rst time ever. As the third
achievement of us, we propose a suggestion for observational studies. Some previous works analysed coseismic
slip-weakening curve in order to estimate energy dissipation on faults, but they did not consider existence and
eects of material interfaces on the faults. Our result, however, show that variation of slip-weakening curve on
the bimaterial slip pulse is comparable with uncertainty of the slip-weakening curve suggested by a previous
study. On the steady state dynamic slip pulse propagating along a bimaterial interface, these achievements
allow us to understand exhaustive parameter dependence, limit of the model, and signicance for observational
studies.
In the part 2, we consider dynamic behaviour of a fault intersecting a bimaterial interface. Existence of
such a fault had been little recognized and theoretical analyses of the fault are very few. Recent dense seismic
observations, however, increases number of reports that imply faults intersecting material interfaces. Considering
these reports, theoretical understanding of dynamic behaviour of a fault intersecting a bimaterial interface
has been required. Some prospects has been established in recent few years in order to improve numerical
schemes and actual analyses has became usable due to two previous works through 2012 to 2013. Although
some comparison with an analytical solution is necessary as a benchmark for estimating numerical accuracy
when a new numerical scheme is suggested, the analytical solution that explains waveeld caused by the fault
intersecting a bimaterial interface has not been derived even in a simplest case of anti-plane dislocation problem
in a bimaterial. This fact motivated us to derive the analytical solution and, in fact, we succeeded in derivation
of the solution as the rst achievement of our study. In the derivation, we return to a sequence of derivation
of the Green function of displacement in bimaterial with the Cagniad de-Hoop's method and avoid divergent
of the Greens function that cannot be treated numerically by using complex integral. An analytical solution
obtained by this derivation is signicant for the benchmark as previously noted and, moreover, permits us
to calculate dynamic behaviour of arbitrary shaped faults uniquely by applying this solution to ready made
Boundary Integral Equation Method (BIEM). By using this method, we indeed carry out numerical simulations
on behaviour of a non-planar fault intersecting a bimaterial interface as our second achievement. As a result,
we show that a phase of temporal increase of slip velocity on the fault runs from an intersection of the fault and
the interface to nucleation point of rupture when the rupture is triggered in a medium with relatively low elastic
wave velocity while a phase of temporal decrease of slip velocity runs similarly when two media on the both side
of the interface are iped. Although this shape of a fault and frictionless model we employed are dierent from
a previous work, these results are consistent with results suggested by the previous work. Moreover, we newly
and qualitatively discuss an expected behaviour of fault under a rate and state dependent friction law for high
slip velocity employed in some previous works in recent. We suggest a possibility that stopping phase of slip
propagates from the intersection to nucleation point by merging this friction law and our results. A conclusion
that existence of material interfaces can terminate rupture propagation and slip of faults are unique while the
problem of this termination has been controversial issue. Additionally, we suggest that the material interface
aects not only the termination of rupture but also patterns of strong ground motion by considering general
structure of seismogenic zone. Finally, we argue an applicability of the analytic solution derived in this study
as the third achievement of us. In a previous study, a method that improves numerical accuracy of analysis of
dynamic cracking behaviour in multi-layered medium has been suggested by combining Finite Element Method
that can treat multi-layered medium with ready made BIEM that allows to calculate cracking highly accurately
only in a homogeneous medium. By applying BIEM with the analytical solution that we derived to the method
consist of FEM and BIEM, we can suggest further accuracy in numerical treatment and develop the method that
can be useful when one simulate fault behaviour in some complex structures in the future. These achievements
show that our results can contribute other numerical schemes and further numerical simulations are required in
the future on the analysis of dynamic behaviour of fault intersecting a material interface.
In the postscript, as a general overview, we conrm how the extension of model from a homogeneous medium
to a bimaterial makes it dicult to investigate parameter dependence of the model exhaustively and discuss
diculty of model extension in fault mechanics by considering our bimaterial model as an example. Whole
part of this thesis shows that even simple extension of model can yield multi parameters and we have to
recheck parameter dependences under new model even for some existing parameters whose dependency has
been suciently investigated in previous model. Through this discussion, we argue that extension of model is
not easy and mathematical analysis should be developed and can contribute to this diculty.
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??????????????. ???????, ???????, ????????????????????
???. ?????, ?????????????????????????????, ???????????
??? 2???????????????. ??, ????????????????????????????
????????????????, ??????????????????????????????????
?, ???????????????????????. ?????????, ???????????????
?? 2???????????, ????????????????????????????????????
??????????????????????????????????, Kostrov [1964] ?????????
?????, ???????????????????, ???????????????. ??, ???????
?????????, ???????????????, ?????????????????????????
????????????????????. ?????????????????????, ????????
??????????????????????????????????, ????????????????
??????????????, ?????????????????????????????. ??????
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1 ?????mode-II?????????????????????
1.1 ??
?????????????????. ?????????????????????????????, ??
?????????????????????????, ?????????????????????????
??????????????. ??????????????????????????, ?????????
????????????????????????????????, ??????????????????
??????? [Weertman 1980; Andrews & Ben-Zion 1997; Ben-Zion & Andrews 1998; Cochard & Rice 2000
???].
????????????, ??????????????????????????? mode-I, mode-II, ?
?? mode-III ????? 3?? 2?????????, ??????????????????? mode-II ?
?? mode-III ????????????????????. ???, 2?????, ???????? 2????
??????????????????, ????????????, mode-III ???????????????
?, 2???????????????????????????????????, ????????????
????? (???????????????????) ?????????. ?????, ?????????
? mode-II ?????????, ????????, ???????????????????? (??????
??????????) ???????????, ????????, ???????????????????
? (???????????) ????????????, ????????????, ????????????
?????????????.
???????????? mode-II ??????, ?????????????? Comninou [1977] ????
????????????????????, Hirano & Yamashita [2011] ?????????????????
?????? 2????????????????????????, ???????????????????
???.
??????????????????, ??????????????????. ????????????
????????, ????????????????????, ??? Weertman [1963; 1980] ???????
?????. Weertman [1963] ????????????????? S??????????????????,
?????????????????????????????????????????, Galilei ??????
?????????????????????????. ????????????????, ????????
??????????????????????????, ???????????????????? 30??
???????, ???? Rayleigh ???????????????, ?????? Rayleigh ??????. ?
???????, ??????????????????????????????, ????????????
???, ???????????????????, ???????????????????????, ???
Rayleigh ????????????? Rayleigh ??????, ??????? (?????????)S????
?????????, ????????????????????????. ?, ??????????????
???, ????????? S?????????????????. ?????, ?? S??????????
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????????????????, Adams [2001] ?????????????????????, ??????
??????? S?????????????????????, ??????? Weertman [1963; 1980] ???
???????????? S???????????????????????, ??????????????
??????????.
?? Weertman [1980] ?????, ?????????????????????????????????
????, ?????????????????????????????????????????????,
??????????????????????????????, ????????????????????
?, ??????????????, ????????????????????. ????????????, ?
??????????, ????????????????????????????????, ???????
? Rayleigh ??????????????????????????. ????, ?????????????
?????????????????????, ???????????, ?????????????????
????????????, ??????????????????????????????????, ???
????????????????????????????????????. ?, ????????????
?, Weerman [1980] ????????????????????????????????????, ????
???????????????, ???????????????????????????????????
????, ??????????????????????????????????????????????
??? [Heaton 1990].
?????, Weertman [1980] ??????????????, ?????????? Rayleigh ??????
???????????????????????, ???????????, ???????????????
???????????????????????????????????????. Weertman [1980] ??
??????????????????????, ????????????????????????????
????, ??????????????????????????????????????????????
?. ???, ??????????????????????????????, ??????????????
????????????????????????????. ????, Weertman [1980] ?????????
???????????????????????????????????????, ???????????
????????, ??????????????????????.
??????????????????????, ????????????????????, Andrews &
Ben-Zion [1997] ??? Ben-Zion & Andrews [1998] ???. ?????, ????????, ????????
????????????????????????????????? Heaton [1990] ??????????
?????????????, Weertman [1980] ????, ???????? mode-II ????????????
????????. ??????????????????, ???????????????? Coulomb ??
?????????????, ?????????????. ?????????????????, ?????
???????, ???????????????????????????, ???????????????
????????????????????. ????, ????????? Rayleigh ???????????
???????????. ???????????? Rayleigh ????????, ???????????.
5
?????????, ?????????, ??????? Coulomb ???????????????, ???
?????????? Adams [1995] ???????????. ??????????, Cochard & Rice [2000] ?
? Andrews & Ben-Zion [1997] ??????????, ???????????, ??????????????
????????????????????????????????????????????. ??????
??, Coulomb ???????, ????????????????????????????????????
??????????? Cochard & Rice [2000] ????????, ??? Ranjith & Rice [2001] ??????
????????. ???????, Prakash-Clifton ???????, Prakash & Clifton [1993] ??? Prakash
[1998] ????????????????????. ????????? Linker & Dieterich [1992] ??????
???, ??????????????????????????????????, Cochard & Rice [2000] ?
??????.
?????????????????????. ??? Cochard & Rice [2000] ?????????????
?, ?????????? Rayleigh ??? 97?98???????????????????????????
????. Shi & Ben-Zion [2006] ?, Andrews & Ben-Zion [1997] ????????????????????
????????????????, ?????????????????????????????????.
Rubin & Ampuero [2007] ?, Andrews & Ben-Zion [1997] ????????????????????????
????????, ??????????????????????, ???????????????????
????????????????????, ?????????????????????????, ????
???????????, ??????????????, ??? Rayleigh ??? 95????????????
????????????????. ?????????, ?????????????????????, ??
??????????????????????????????????????????????, ????
????????? Rayleigh ??????????????????????.
?????????????,????????????????????????????????????.
San-Andreas ???????????????????????????, ?????????????, ???
???????????????????? [Rubin & Gillard 2000, Kane et al. 2013] ?????????. ?
???????????????????, ?????????????? Rayleigh ????????????
????????, ?????????????????????????????????????????.
??????????, ????????? mode-II ??????, Weertman [1963; 1980] ????????
?????????????????????????, ?????????????????. ??, Weertman
[1980] ????????????????????????????????????????????????
???, ???????????????????????????????. ???????, Weertman [1980]
???????????????????? Rayleigh ?????????????????, ????????
?????????????????? [Venkataraman & Kanamori 2004]. ????????????????
?, ???????????????? Coulomb ????????????????????????????
???, ?????????? Rayleigh ?????????? Adams [1998], ???????????????
????????? Adda-Bedia & Ben Amar [2003] ????, ??????????????????????
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??, Adams [1998] ???????, Adda-Bedia & Ben Amar [2003] ???????????????????
???. ????, ?????????????????, ?????????????????. ?, Adda-Bedia
& Ben Amar [2003] ? Prakash-Clifton ????????????????????, ????????????
???????????????, ?????????????.
??????????????????????????????????, ??????????, ????
??????????????????????????????????, ????????????????
????????????????????. ??????????????????????, 1) ??????
????, 2) ?????????????????, 3) ??????????????, ??????? 3???
? (??, ??? 3?????) ??????????????????????. ?????????????
????????, ?????????????????, ??????????????????????, ?
??????????????????, ????????????????????????????????
???. ???????????????????????, ????????, ??????????????
???.
??, ?????????????????????????????????????????, ?????
????, ????????????????????????????. ??????, ??????????
?????????????, ??????????????.
1.2 ?????????????
1.2.1 ??????
????, 2??????????????????, ????????????mode-II????, ?????
????????????????????. ??????????, Adams [1998] ? Adda-Bedia & Ben Amar
[2003] ??????????????, ????????????????????????????. ????
???????????, Rice et al. [2005] ????, ??????????????????????????
????????????????????????????. ?????, ????????, ???????
????????????????????????????????????.
x-y??????, y = 0 ???????, ; ; ????  ???????? P???, S???, ??????
??. ??, ??? ?????????, +??????? y > 0?????,  ??????? y < 0???
???????????. ?????????????? x???, ???, ?? x = +1?? x =  1???
??????????????? c???????, ?? t??? x??? Galilei ??
x0 = x+ ct; (1.1)
1
c
@
@t
=
@
@x0
(1.2)
??????????. ?? x0???? x????, ??????????? 2?????????? x? y??
???????????. ??, ??????????? u(x) ????, ?????  _u(x) = cu0(x) ???
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??????. ?????????, Weertman [1980] ?, ?????????? (x) ??????? (x) ?
(x) = 0   
Z
u0()
   x
d

; (1.3)
(x) = 0 + 
u0(x) (1.4)
??????????, ??? 0 (> 0); 0 (< 0) ????????????????????????????
?????, ????????????, ????????????. ?? ;  ? 2?????????????
??????????????, (cGR) = 0???????? cGR???? Rayleigh ?????. ? 1 ????
??????, ?????????  ??????????, ???????????????????????
?????????. ??, ?????????????  ?????????????, ??????????
??????????, ????????????????????????????????. ??, Weertman
[1980] ? ?????????, Cochard & Rice [2000] ???????????. ??? ??? ????
??, ???????????????, ????? Poisson?????????, ???? (y > 0) ??????
? (?? + >  ; + >   ???) , ?????????????,  > 0????, ???? (y < 0) ???
???? (?? + <  ; + <   ???) , ?????????????,  < 0???. ?????, ???
??????, ???????????????????????????????????????????.
??, ????????????????, u0(x)???????????????????????????
?? (? 2). ????, Adda-Bedia & Ben Amar [2003] ? Rice et al. [2005] ????????????, ???
???????????????, ????? 1 < x < +1???. ????????????? Galilei ???
????, ????????????????????????????. ??, ??? Cochard & Rice [2000]
????????????????????, ?????????????????????? (???????
6??) ??, ????????????????????????????????????. ???????
??????????????, ??????? f(x)????, Coulomb?????
(x) + f(x)(x) = 0 (1.5)
????. ??u(x)? x??????????????, ?????????????? f(x)???????
????????. ??? f(x)?
f(x) = fd + (fs   fd)F (x)
???, ??? fs; fd ????????????????????, F (x)????????????,
F (x) =
8<: 1 (x =  1)0 (x = +1) (1.6)
?????????????????????. ??????, ???????????????????
f(x)u0(x)  
Z +1
 1
u0()
   x
d

= p+ qF (x) (1.7)
????, ???  = =; p =  (0 + fd0)=; ??? q =  (fs   fd)0= ???. Poisson ????
?, ??????????? (?? + >  ; + >   ???)  > 0 ???, ??????????? (??
+ >  ; + >   ???)  < 0???.
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1.2.2 ???????????????
? (1.7)?Carleman????????????, ???? Tricomi [1957]?????????????????
u0(x) =
fp+ qF (x)g f(x)
f2(x) + 2
+ A(x)
Z +1
 1
A() fp+ qF ()g
   x
d

; (1.8)
???,
(x) = arctan

f(x)
; (0 <  < ) ; (1.9)
A(x) =
exp
Z +1
 1
()  (x)
   x
d


p
f2(x) + 2

1  x
1 + x
(x)=
; (1.10)
A(x) =
1
ff2(x) + 2gA(x) ; (1.11)
???. ?????????, ? (1.8) ???? 2???????????, ???????? A???????
???? 2??????????????, ???????????????????????????, ???
????. ??, Tricomi [1957] ?? 4.4??? (28) ????,

Z +1
 1
A()
   x
d

= sgn()  f(x)A(x) (1.12)
???????, ???????
A(x)
Z +1
 1
pA()
   x
d

= sgn()pA(x)  pf(x)
f2(x) + 2
(1.13)
???
A(x)
Z +1
 1
qF ()A()
   x
d

=A(x)
Z +1
 1
q fF ()  F (x)gA()
   x
d

+ A(x)
Z +1
 1
qF (x)A()
   x
d

=A(x)
Z +1
 1
q fF ()  F (x)gA()
   x
d

+ sgn()qF (x)A(x)  qF (x)f(x)
f2(x) + 2
(1.14)
?????. ????? (1.8)?????, ?? Rice et al. [2005] ????????????? p = fsj0j, ??
??????? r = fdj0j????,
u0(x) =
p   r


1
1 + S
+ F (x) + jj
Z +1
 1
A() fF ()  F (x)g
   x
d


jjA(x) (1.15)
???, ?? F ?????????? F 0 ?????????????????????????. ??????
S =
p   0
0   r (1.16)
? Andrews [1976] ?????????????????. ? (1.15)??????????, A????????
???????. A ???????????, ???????,
A()  (1 )()= ; (  1) (1.17)
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(????)???, 0 < ()= < 1 ????????????. ??? F ????????, ?????????
??????? Simpson ?????????????????????????????????, Mori [2005]
??????????????????????????????????.
? (1.15)?, ???? x =  1???
A(x)  (1 + x) (x)= (1.18)
??????????? A??????????, ? (1.15)??? f g??, x =  1???????????
??????????????. ?????????????, ????????? f ?, ???????? S ?
?? ??????
1
1 + S
+ 1 + jj
Z +1
 1
A() fF ()  1g
 + 1
d

= 0 (1.19)
?????????. Rice et al. [2005] ??????????????????, ?????????????
???????????. ????????????, ?????????  ????, x =  1 ??????
x =  1 + ??????, ? (1.15)??? f g?? x =  1 + ??????????
1
1 + S
+ F ( 1 + ) + jj
Z +1
 1
A() fF ()  F ( 1 + )g
   ( 1 + )
d

=
1
1 + S
+ F ( 1 + ) + jj
Z  1+2
 1
A() fF ()  F ( 1 + )g
   ( 1 + )
d

+ jj
Z +1
 1+2
A() fF ()  F ( 1 + )g
   ( 1 + )
d

const. + fF ( 1 + )  1g+ jj
Z  1+2
 1
(1 + )(x)=F 0()
d

+ o
 
( 1 + )1
(1.20)
? o
 
( 1 + )(x)=????????????????????????. ???, ? (1.20)????? 3??
?????? (1.17)???, ???? 4???????, ??? x =  1 + ???? 4???????????
?, ?????????????????????????? (?????????????? Hilbert????
?????????, Taylor??????????????????????????) ??????. ????
????, ????? 2????? F   1? o  ( 1 + )(x)=???????????????????, ??
??? 3????????????, F 0 ? o
 
( 1 + ) 1 (x)=???????????, ???? 2????
?????????????????.
?????? f ?? (1.15)????????, ??????????? 3????????????. ????
????????????? f ???? F ????????????????, ??? F ??????????
???????. ???? F ????????????????.
1.3 ?????????????
1.3.1 ???????????
????????????????????????, ?????????????????????????
???. ????????????, ?????? P???, S???, ??????????????, ????
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?????????????? 6????????????????, ????????????. ??, ????
Poisson?????????????, +=  = += ???. ??, Birch [1961]????????, ?????
??????  /  ?????? 10?????????????? [Hirano & Yamashita 2011] ??, ????
?????????. ??????, ????????? +=  = +=  = +=  ? 1?????, ?????
???? San-Andreas ??????????????, ?????? 5?? 30???????????? [Shi &
Ben-Zion 2006]. ???????????, ???? +=  = 1:2 (??????????)???  =+ = 1:2
(??????????)????????????. ????, Andrews & Ben-Zion [1997] ? Cochard & Rice
[2000] ?????????????. ?????, ??? Rayleigh ?????????? 0:7 < +=  < 1:3 ?
????  ????????? 1:0????????????????, ?????????????????
??????????????????????????.
???????????, ????????????? Rayleigh ??? 70????????????????
[Venkataraman & Kanamori 2004] ??, ????????? Rayleigh ??? 70??? 95????????.
?????? 95??? 100????????????, ???????.
??? S ?????, ??? 0 < S <1 ???????, ??????? 0; 0 ?????????????
fs, ????? fd ???????????, ???????. ??????????, ??????? S < 1??
?????????????????????????????, ???????????????????? S
????????? [Andrews 1976; Gabriel et al. 2012], ??????????????????? Rice et al.
[2005] ???????, S = 10 ?????????, ??? 3??????????????????????
?????????? (? 3???????????) ??, 0 < S < 10????????. ???, S ????
???????? fs = 0:6??? fd = 0:2????, 0=0?????????????. ??????????
???, ? (1.15)??????????. ??????, ????????? p   r = (fs   fd)j0j???, ??
?????????????????????????????. ???????, ?????????????
???????? =f(x)????????????????, ??  = = ??????? c???????
?????????, ?????????????????????????????????????????
??????.
???, ??????????????? F ??????????. ????????, ???????????
?????????????????????. ???????, Rice et al. [2005] ??????????R??
??????????, ?????????????????????????? (? 3???????) . ???
?????, ??????? L?????, R=L?????????????????, ????? 0 < R=L < 1
???. ????????????????????????, ??????????????? (1.15)????
???????????????????????. ?????????, ?????? Rice et al. [2005] ??
????? L1 ????????????????????? (? 3???????) ;
F (x) =

1  x
2
 4
R 1
: (1.21)
??????????????????????, ??????????????????????. ?????
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?? x =  1??? 1??????????, ? (1.20)????????????????????????. ?
????????????????, ??????????, x 7! 2x=L; R 7! 2R=L???????, ???R=L
????????????????. ? 3??????????, ????????????? (1.19)????
R=L? S ???????????. ??????????????????????????????????
?????, ??? Rice et al. [2005] ????????????????????????. ?????????
???????????????????, Rice et al. [2005] ???????????????????????.
?????????????????????????????, ???????????? (1.21)?????.
1.3.2 ???????????
? 3?????, ??? (1.19)??????? S ??????? R=L?????, ????????????
?????? 4???. ????, ???????????? 3??????????????????????
????????????. ??????????, ?????????????????, ?????????
???????? S ??????? R=L???, ?????????????????, ??????????
?????????????. ?????????, ???????????????????? (????? S
???????) ????????????, ???????????????, ??????????????
???????????????. ??????????, Weertman [1980] ??????????? Rayleigh
????????????????????, ??????????????????????????????
?????. ??????????????, ????????????, ??? 3?????????????
????.
??, ????????????????????????? 5???. ??????, ??????????
?, ????????????????????????? S ???, ???????????????????
????? c=cGR?????????. ????????, ????????????????????????
????????????????????.
???, ????????-???????? 6???. ????, ????????????????????
??????????????????, ??????????????????????????????. ?
????, ?????????????????????????? Weertman [1980] ????, ? 4?????
??????????????????????????????????????.
1.4 ??????????????, ?????????
1.4.1 ?????????????????
????, ??????????????????, ?????????????????. ????????
??????????, ? 4????, S  1 ?????????????????????????, ????
??????????????????????????????, ??? 3????????????????
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????. S > 1 ??????????????????????????, ????????????????
??????????????, ???????????????? S ????????, ??????????
??????????????. ??????, ????? S(> 1)???????, ?????????????
????, ??? 3???????????? S???????????????????????????. ?
??? S = 1:5?????? 4??, ??? Rayleigh ??? 95????, ?????????????????
??. ????????? S ????????????, ????? S ????????????????.
???????????????, ???????????????????????? ?????????
??, 1?????? S ???????? 3?????????????. ?????????, ???????
????????????, ?????????????????????????, ?????????. ? 5
?????, ??????????????????????????, ??????????????????
????????????. ???????????????????, ????? S = 2?????????
????????????????, ???????????????????????, ??????????,
c=cGR = 0:985?????????????????????????????? (? 7) . ?????????
??????, ?????????? Rayleigh ?????????, 0:98 < c=cGR < 0:985 ??????, ???
???????????????????????????????. ???????????????, ???
?????????????????????, ?????????????????????????????
?, ????????????????????????????????????.
???????????????????? Rayleigh ???????????, ?????????????
?????????????, ??????????????????????. ?????? (1.3)?????,
c = cGR ?????????????????????????, ??? Rayleigh ?????????????
????????????????, ???????, ???????????????????, ??????
????????? 3????????????????, ????????????????????????
???????????, ?????????????????????????????????????.
1.4.2 ??????????????
??????????, ????????????????????????????. ??????, ???
??, ?????????????, ??? Rayleigh ??????????????????????????.
??????????, ???????????? Rayleigh ??????????? Weertman [1980] ????
?????????????????. ??????????????, ??? Rayleigh ??????????
??????????????????????????????, ?????????????????, ??
???????????????????, ??? 3??????????????????????????
????????. ???????????????????, ??????????????????????
?????, ?????????? Rayleigh ????????????????????????????, ?
???? Weertman [1980] ???????, ???????????????. ???????, ???????
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??????, ????????????????????????????????????????. ???
?????????, ????????????????????????????????.
????, ????????????????, ??????????????????. ?????, ????
?????????????????????, ? (1.7)???? x 7! 2y=L;  7! 2=L ???,
f (2y=L)u0 (2y=L)  
Z +L=2
 L=2
u0 (2=L)
   y
d

= p+ qF (2y=L) (1.22)
???, ?????????? L???????????, ????  _u = cu0 ?, ???? f [0 + u0] (?
?? f ???u0????????)??????????, ???????????????????????.
????????  := u (2y=L) jy=+L=2 ????,
 =
Z +L=2
 L=2
u0 (2y=L) dy (1.23)
= L
Z +1
 1
u0(x)dx (1.24)
?????,  ??????????. ???????, ???????????, ? 6????, ???????
??????????, ??????????????. ???, ????????????????W ?, ??
??????????????, ????-???????????
W =
Z 
0
f [0 + 
u0] du (1.25)
?????, ???? 6?????????????????????????????? (?????????
????????????????). ???W ?, ? 6?????????????Wn(c)????,
W = LWn(c) (1.26)
?????????. ????????? c??????????????, +????,  ???????.
???????, ??????????????????????????????????. ?, ??????
????W   r?????????????, ?????????????????????? [e.g., Kostrov
& Das 1988]. ?????????? 6?????????????????????, ????????, ???
???????????, ????????????. ???, ???????????????????, ???
W ?????????, ????????????????????????, ???????????????
?????????W ??????????. ?????, ????????? c???????, W ???
?????????????????????????????, ? (1.26)???, ???????? c???
??, ????????????????, ???????????????????????????????
?????. ???, ???????????????, ?????????????????????????
???, ????????????????????????, ??????????????????????
????????????????. ??????????????????????????????????
???, ??????????????????????????????.
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??, ???????, ?????????????????, ??????????????, ???????
?? Rayleigh ????????????????????????????????, ???????????
?????????????????????. ?????????????????, ???????????
???????????, ??????????????????????? Rayleigh ???????????
??????????????????????. ???????????????????????????,
??? S? 1??????????????????, ??????????????????????????
????????. ??????????????? Shi & Ben-Zion [2005] ??, S = 9 ????????, ?
?????????????????????????, ???????????????????. ???, ?
??????????????????????, ?????????????????????. ??????
????, ???????????????????, ??????????????????????????
???????????????. ?????????????, ???????????, ?????????
??????????????????????????. ?????????????, ? 6????, ???
??????????, ???????????????????, ????????????????????
???????. ?????????????????, ????????????????????????.
??? 6?, ?????????????, ???????????????????????????????
??. ?????????????????, ??????????????????????????????
???. ????????????, ?????????????????, ????????????????
???????, ???????????????????????????????????????. ???,
????????, ???????????????????????????????. ??????????
?, ?????????????????????????????????. ???????, ???????
?????????????????, ?????????????????????????????????
?, ????????????????.
1.4.3 ??-????????????????????
???, ??-??????????????. ? 6???, ???????????????????, ???
??????????????????????????. ????????????????, ? 5?????
??????????????, ????????????????????, ???????????????
????????, ??????????????????, ???????????????????????
????????????????????. ?????????????????????, ????????
????????????????????????????? [Ide & Takeo 1997; Mikumo et al. 2003; Cocco
et al. 2009] ?, ??????????????????????????????, ?????????????
? 6?????????????????????????. ??????????????????????
?, ???????????????????????????????????????????, ?????
?, ?????????????????????????, Mikumo et al. [2003] ?????????, 1995?
???????? 2000??????????????????????, ???? 0.27?? 0.56??????
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??. ?????? 6???????????????????????????????, ?????????
????, ??????????????????? 0.25????????????????????????
???????????, ?????????????????? 0.3???????????????????
??. Mikumo et al. [2003] ?????????????, ????????????????????????
?????????????????, ??????, ?????????????????????, ????
???????????????, ???????????????????????, ???????????
?????????????????.
1.5 ??
??????????????, ??????????????????????????, ????????
???????????, ???????????????????????????????????????,
?????????????????. ??????????, ??????????????????????
???????????????, ???????????????????????????????????
?????, ???????????????????????????, ????, ?????????, ??
????????????, ???????????????????. ?????, ????????????
??????????????, ???????????????? (fs? fd??????) ?????????
????????????????, ?????????????????????????, ????????
?????????????????????. ???, ???? Poisson?????????????, ???
? Poisson??????, ?????????? ?, ???? (??? c=cGR < 0:8) ???????? (???
c=cGR > 0:8) ???????????????? [Weertman 1980], ???????????????????
?????????????????. ????????????????????????????????,
??, ???????????????????????????????????????????????.
??????????, ?????????? Rayleigh ?????????????????????????
????? 3???????????????, ?????????? Rayleigh ??????????????
?????????????????????????????, ?????????????????????
2?????, ???? ?? Weertman [1980] ?????????????????????????????
????????????????, ?????????????????????. ????????????
?, ???????????????????????-????????????, ?????????????
?????????????????????????????????, ?????????????????
???????????. ?????????????, ?????????????????????, ???
????????????????.
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2 ?????????mode-III???????????
2.1 ??
?????????, ???????????????, ???????????????. ????????,
?????????????????, ?????????????????????????????????
?????. ????????????????????????????????????????, ????
?????????????????, ????????????????????, ????????????
?????????????? [Wang et al. 2004; Kato et al. 2006; Yabe et al. 2009; Naoi et al. 2011; Ferrari
& Bonafede 2012; Roche et al. 2012].
?????????????????, M6?????????????, Wang et al. [2004]? 2001?????
(M6.7)???????????????, ????????????????????????????????
???????????????, ????????-???????????????????????????
??. ?? Kato et al. [2006] ? 2004????? (M6.6)??????????????????????, ??
??????????????????????????????????????. Ferrari & Bonafede [2012]
?, 2000????????????????? (M6.6)????????????????, ?????????
?????????????????????????. M2?????????????, Yabe et al. [2009] ?
?? Naoi et al. [2011] ???, 2007? 12??????? Mponeng ???????????????????
????, ??????????????????????????????????????????.
??????????????????, ???????????????????????????????
??, Roche et al [2012] ???????????. ??????????????????, ?????????
????????????????????????, ??????????????????????????
????????????????.
???????????????????????????????????????, ??????????
???????????????????????????????????????????. ???? 2??
?????????????????, ???????????????????????? mode-II ????
?????????, ????????????? Rani & Singh [1992] ????????, ?????????
???????????????????????????, mode-II ????? Rivalta et al. [2002], mode-III
????? Bonafede et al. [2002] ???????????, ?????????????????, mode-II ?
???? Hirano & Yamashita [2011], mode-III ????? Ferrari & Bonafede [2012] ???????????
????.
???????????????????????????????????????, ??????????
????????????????, ?????????????????, ????????????????
???????. Wada & Goto [2012] ?, ????? (FEM)????? X-FEM??????????, ???
?????? mode-II ??????????????. ???????????????????????, ?
???????????????????????????????, ???????????????????
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?, ?????????????????????????????????????????. ??, ????
?????????????????, ????????????, ????????????????. ???
????????????, Tada & Yamashita [1997, ?? TY97 ???] ?????????????????
(BIEM) ???????????????????????????. BIEM ????????????????
??, ??????, FEM???????????????????????????????????????
?????, ????????????????????????????????????, ????????
??????????. 2???????, FEM ??????????????? 2????????????
??????????????????, BIEM??????????????????????, ???? 1?
????????????????, ?????????, ????????????????????????.
??????????????????????????? BIEM ??????, Tamura & Ide [2011] ???
??????????????????????????, FEM ?????? BIEM ????????????
?? (????????) ????????, ??????????? BIEM ?????? 10?? 1?????
?????????????????. ??? FEM ?????????, ?????????????????
??????????, ????? (?????????) ???????????, ?????????????
???????????????????????????????????, BIEM ????????????
????????????????????????????????????, ??????????????
????????????????????.
TY97 ??? BIEM ??????????????????????????????????, 2?????
??????????? XBIEM ?????? Kame & Kusakabe [2012] ????????, ????????
??????????????????????????????????????. Kame & Kusakabe [2012]
????, TY97 ????????????????????, ??????????, ????????????
????????????????????????????????, ??????????????????
???????, ???????????????????????, ???????????????????.
??, ??????????????????????????????, ?????????????????
????????????. ?????????, 2????????????????????, ??????
??????????????????????, ????????. ??????, Kusakabe [2013] ????
?????????? mode-III ???????????????????? XBIEM ????????. ???
?, ?????????????????, ????????????????????????, ??????
?????????????????????????, ????????????????????, ????
???????????????????????????????????????.
???? XBIEM ??????????, ??????????????????????????????
??, ???????????????????????????????????????????. ????
?????, ??????? BIEM ???????, ????????? 1???????, ?????????
?? 2???????????????????????????, ??????????????????. ?
??????????? mode-III ??????????????????, ????????????????
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? XBIEM ???????????????????????????????, ?????????????
XBIEM ?????, ???????????????????? XBIEM ???????????????. ?
?????????, ???????, XBIEM ?????????????????????????????
????????????, ????????????????????.
??????????, 2????????????????????, ???????????, 2?????
?????????????????????. ?????????, ???????? mode-III ??????
??????, ?????????????????????????????????, ??????????
??????????????. ?????????, ???????????? BIEM ???????????
???????????????. ??????, ????????????????????????????.
???, ?????????????????????????????. ?????????????, ???
??????, ?????????????????????????, ??????????????????
?????????????????. ?? Wada & Goto [2012] ? Kusakabe [2013] ????????, ???
??????????????????, ?????????????????????????, ??????
??????????????????????????? [??? Andrews 2005 ??] ?, ????????
?????????????????, ?????????????????????????????? 2??
???????. ???????, ????????????????????????????????, ??
????????? 2???????????????????, ?????????????????????
??????????????????. ????????????????????, ???????????
????????, ????????????????????????????, ?????????????
??????????. ?????????, ??????????????????????????????
??????????????, ????????????????????, ???????????????
??????????, ????????????????????????????????????????
???? [??? Uchide et al. 2009] ????????????, ?????????????????????
?????????????????? [Mikumo et al. 2003; Cocco et al. 2009] ????, ????????
???????????????????????, ???????????????????????????
?????????. ????????????????????????????????????????
????????, ???????????????????????????, ??????????????
?, ?????????????????????????????, ???????????????????
??, ?????????. ????????????, Kusakabe [2013] ????????????, ?????
?????????????? 2?????? [Rybicki & Yamashita 2008] ????, ???????????
????????????. ???????????????????????, ??????????????
??????????????????, ???????????.
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2.2 BIEM ??????, 2????????????????
2.2.1 ???, ???, ??????????? BIEM ??????
???? 2??????????? mode-III ??????????, ???????????, 2??????
????????????????????. 2??????????, ???, ???, ???????????
?, ?????????????????, ?????????????, TY97 ????????????. ??
??????????????????????????. TY97 ?????????????????????
?????????, ????????????????????, ????????????????????
?????????????????????. ????????, ?????????????? BIEM ??
????????, ?????????????????????????. ??, ?????????????
?????????????????, ??????? (A.1)??????.
????, x-z ??????, ??? t???. ??????? xy??? zy??????? xy ??? zy ?
??, ??? y??? u???. BIEM ????????, ??????????????????, Green ??
???????????????. ?????, Aki & Richards [2002, ?? AR02???] ?????????
Green ??????????. ??? 2???????? Green ???, ?????????????????
??????????. ????????, ???????? =????, Green ??? =G????????.
??????????, ?? u? TY97 ?? (14)????,
u(x; z; t) =
Z
 
d
Z t
0
du(; )()
@
@
=G(x; z; t; ; ) (2.1)
??????. ???,  ? ??????   ?????, u(; ) ?????????????. TY97 ????
?  ???????????, ???? 2???????????  ????????????. ??????
???, ??  ???????????????, ??????  ?????? ??, ?????  ???? (
?? (2.1)?????????????. ? 8-(a)??) . ???????????, ??????
xy = (x; z)
Z
 
d
Z t
0
du(; )()
@2
@x@
=G(x; z; t; ; ); (2.2)
zy = (x; z)
Z
 
d
Z t
0
du(; )()
@2
@z@
=G(x; z; t; ; ); (2.3)
???. ??? (x; z)? (x; z)??????????. ??? Green ?? =G ??????? [AR02? 6.4?
??] ??, ? (2.2)??? (2.3)??????????????????????. BIEM ??????, ???
????????, TY97 ??????????, ?????????? boxcar ??????????????
????????????. ??
@
@
@2
@2
u(; ) 
X
i;n
V i;n f(   i)  (   i 1)g f(   n)  (   n 1)g ; (2.4)
?????. ????????????????????????????????????? (? 8-(b)??) ,
i??????, n???????????, V i;n ?????? (i 1; i)  (n 1; n) ???????????,
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??? () ? Dirac ? delta ?????. ? (2.2)??? (2.3)????  ???? 2?,  ???? 1????
??, ?????? (2.4)??????, ??????
xy   (x; z)
X
i;n
V i;ni=
"Z
d
Z
d
Z
d
@2
@x@
G
i
i 1
#n
n 1
; (2.5)
zy   (x; z)
X
i;n
V i;ni=
"Z
d
Z
d
Z
d
@2
@z@
G
i
i 1
#n
n 1
; (2.6)
?????. ??? i ? i ????????????????. ????, ? (2.5) ??? (2.6)?????
xy 
X
i;n
V i;nKi;nxy (x; z; t) (2.7)
zy 
X
i;n
V i;nKi;nzy (x; z; t) (2.8)
????, Ki;nxy (x; z; t) ??? Ki;nzy (x; z; t) ? BIEM ????????????. ??????????????,
BIEM ?????????????, ??????????????. TY97 ??????????, ? (2.5) ?
?? (2.6)???????????????. ????????????, ??????? Green ???????
?????????????????.
??? 2????????, AR02 ? 6.4 ?????, ???, ???, ??????????? Green ???,
Cagniard de-Hoop ??????????????. ?????????? =GD, =GR, ??? =GT ?????
???. ??, BIEM ???? ? =GD, =GR, ??? =GT ???? 3???????????
Ki;nxy =
8<: K
i;n
xy;D +K
i;n
xy;R; (i? (x; z)??????????)
Ki;nxy;T ; (i? (x; z)?????????)
(2.9)
Ki;nzy =
8<: K
i;n
zy;D +K
i;n
zy;R; (i? (x; z)??????????)
Ki;nzy;T ; (i? (x; z)?????????)
(2.10)
???. =GD ? TY97 ??????????????? Green????????, ??? Ki;nxy;D ??? Ki;nzy;D
????????????????????. ??, =GR ??? =GT ? (x; z; t; ; ) ???????????,
????????? p(x; z; t; ; )????????? (AR02 ? 6.4???. ??????). ????, ? (2.5)
??? (2.6)??????????? TY97 ???????????????. ???????????????
??????????. ???????? (A.1)?, ????????????????? p???????. ?
??????????, Ki;nxy;R;K
i;n
zy;R;K
i;n
xy;T , ??? K
i;n
zy;T ????????????????????????
??????????????. ????????????????????????? Carlson [1995] ???
??????????, ? (2.9)??? (2.10)?????????????????, ???????????. ?
????, ??????????????????????.
2.2.2 ?????? BIEM ???????????
???? z = 0 ???????, Green ?? =GR ??????? BIEM ?????????. ??????
????, ??? ? S??? ??????, j???? k???????????. ?? j?? (x0; z0)???
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????????????????, ??????????????? k??????????????. ???
??, ???????? AR02 ??????????? AR02 ? 6.4???????????. ?? Laplace ?
????? Cagniard de-Hoop ??????, GR ? Laplace ???
GR =
1
2jsj

jj   kk
jj + kk

e s(t );? (2.11)
t   = p(x  x0) + j jz + z0j; (2.12)
p =
(x  x0)(t  ) + sgn(x  x0)jz + z0j
q
(R=j)
2   (t  )2
R2
; (2.13)
R =
q
(x  x0)2 + (z + z0)2; (2.14)
j =
q
 2j   p2; k =
q
 2k   p2; (2.15)
??????????? [AR02]. ??? s ? Laplace ??, p ?????????????,  ????????
???. ??????,
@GR
@x
=  @GR
@x0
=
@
@t
(pGR); (2.16)
@GR
@z
=
@GR
@z0
= sgn(z0)
@
@t
(jGR) (2.17)
??????????. ???, ??????????????????????????????????,
sgn (z + z0) = sgn(z0) ????.   ????, ??????? x???? ?????????????, x-z ?
??? - ????????????????,0@ @
@
1A =
0@ cos  sin 
  sin  cos 
1A0@  @x
@z
1A ; (2.18)
0@ @x
@z
1A =
0@   cos  sin 
sin  cos 
1A0@ @
@
1A (2.19)
????????.
???, Ki;nxy;R ??? K
i;n
zy;R ???????. ??? i = (x; z) = j ???????????. @t =  @ ,
? (2.2), (2.3) (2.16) ?? (2.19) ??, ??? Laplacian ??????
1
2j
@
@t2
GR =
@
@x2
GR +
@
@z2
GR
=
@
@2
GR +
@
@2
GR
(2.20)
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?????????,
Ki;nxy;R =  2j=
"Z
d
Z
d
Z
d
@2
@x@
GR
i
i 1
#n
n 1
= 2j=
"Z
d
Z
d
Z
d
@
@

cos 
@
@
  sin  @
@

GR
i
i 1
#n
n 1
= 2j=
"Z
d
Z
d
Z
d

cos 
@2
@@
  sin 

  @
2
@2
+  2j
@2
@t2

GR
i
i 1
#n
n 1
= 2j=
24"Z d Z d Z d ( @
@

cos 
@
@
+ sin 
@
@

  sin 
2j
@2
@t2
)
GR
#i
i 1
35n
n 1
= 2j=
24"Z d Z d Z d ( @2
@@z
  sin 
2j
@2
@ 2
)
GR
#i
i 1
35n
n 1
=  2j=
24"Z d Z d Z d (sgn(z0) @2
@@
j +
sin 
2j
@2
@ 2
)
GR
#i
i 1
35n
n 1
=  2j=
8<:sgn(z0)
"Z n
n 1
jGRd
#i
i 1
+
sin 
2j
"Z i
i 1
GRd
#n
n 1
9=; ;
(2.21)
Ki;nzy;R =  2j=
"Z
d
Z
d
Z
d
@2
@z@
GR
i
i 1
#n
n 1
=  2j=
"Z
d
Z
d
Z
d
@
@

sin 
@
@
+ cos 
@
@

GR
i
i 1
#n
n 1
=  2j=
"Z
d
Z
d
Z
d

sin 
@2
@@
+ cos 

  @
2
@2
+  2j
@2
@t2

GR
i
i 1
#n
n 1
= 2j=
24"Z d Z d Z d ( @
@

cos 
@
@
  sin  @
@

  cos 
2j
@2
@t2
)
GR
#i
i 1
35n
n 1
=  2j=
24"Z d Z d Z d ( @2
@@x
+
cos 
2j
@2
@ 2
)
GR
#i
i 1
35n
n 1
= 2j=
24"Z d Z d Z d ( @2
@@
p  cos 
2j
@2
@ 2
)
GR
#i
i 1
35n
n 1
= 2j=
8<:
"Z n
n 1
pGRd
#i
i 1
  cos 
2j
"Z i
i 1
GRd
#n
n 1
9=;
(2.22)
???. ????????, ?????????????????????  ???????  ???????
??????? (? 8-(b)??) ??,
R i
i 1
d =
R i
i 1
d ???????. ?, ?????????, G = ~Gdp=dt
???? p ??? ~G ?????????. 2??????????, ??? Green ?? G ? dp=dt ?????
????? [AR02]. G ??, ~G ????, ???, ?????????????? ~GD; ~GR, ??? ~GT ???.
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? (2.21)??? (2.22)??????? 1?????, ?????  ?? p???????Z n
n 1
0@ sgn(z0)j
 p
1AGRd =  Z t n
t n 1
0@ sgn(z0)j
 p
1AGRdt
=  
Z p(t n)
p(t n 1)
0@ sgn(z0)j
 p
1A ~GRdp
(2.23)
?????.
? (2.21)??? (2.22)??????? 2????
R
GRd ???????????????. TY97 ?, x-z?
??????? - ??????????????????????. ????????????, x?????
???????????????????????????????. ???????? x??????  ??
?????????????. ??, ? (2.16) ?? (2.19)??????,
GR =
Z  @
@
GRd
=
@
@t
Z 
( p cos  + sgn(z0)j sin )GRd
(2.24)
???. ??? GR ?
GR = ~GR
dp
dt
=
@
@t
Z t
~GR
dp
dt
dt =
@
@t
Z p
~GRdp (2.25)
???????????, Z 
( p cos  + sgn(z0)j sin )GRd =
Z p
~GRdp (2.26)
???????????. ????? ?????????,
( p cos  + sgn(z0)j sin )GR = @p
@
~GR (2.27)
????, ??, Z 
GRd =
Z  ~GR
 p cos  + sgn(z0)j sin 
@p
@
d
=
Z p ~GR dp
 p cos  + sgn(z0)j sin 
(2.28)
?????. ? (2.28)?????????????????????, ???????????????.
?????, ?????? BIEM ?????
Ki;nxy;R =  2j=
h
[Ixy;R]
i
i 1
it n
t n 1
; (2.29)
Ixy;R =  
Z p
dp ~GR
(
sgn(z0)j +
sin 
2j
1
p cos    sgn(z0)j sin 
)
; (2.30)
Ki;nzy;R =  2j=
h
[Izy;R]
i
i 1
it n
t n 1
; (2.31)
Izy;R =
Z p
dp ~GR
(
p  cos 
2j
1
p cos    sgn(z0)j sin 
)
(2.32)
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??????????????????. ????????????????.
? (2.11)??,
~GR =
1
2j
jj   kk
jj + kk
1
j
=
1


1
jj + kk
  1
2jj

(2.33)
?????????????. ????
M2 =
jj   kk
2j   2k
; Cj =
j
2j   2k
; Ck =
k
2k   2j
(2.34)
????????????????????????, ? (2.33)????? 1??
1
jj + kk
=
Cjj + Ckk
M2   p2 : (2.35)
????. ????????,
Ixy;R =
1

Z p
dp

1
2jj
  Cjj + Ckk
M2   p2
(
sgn(z0)j +
sin 
2j
1
p cos    sgn(z0)j sin 
)
; (2.36)
Izy;R =   1

Z p
dp

1
2jj
  Cjj + Ckk
M2   p2
(
p  cos 
2j
1
p cos    sgn(z0)j sin 
)
(2.37)
???????????,
R
(p=j)dp =  j ???????
Ixy;R =
1
2j
[sgn(z0)p+A sin ]  1

[sgn(z0) fCjIjj(M) + CkIjk(M)g+B sin ] ; (2.38)
Izy;R =
1
2j
[j +A cos ] +
1

[fCjIj(M) + CkIk(M)g  B cos ] (2.39)
????????. ???, fl;mg = fj; kg ????
A :=
1
2j
Z p 1
p cos    sgn(z0)j sin 
dp
j
; (2.40)
B :=
1
2j
fCjJjj + CkJjkg ; (2.41)
Il(M) :=
Z p pl
M2   p2 dp; (2.42)
Ill(M) :=
Z p 2l
M2   p2 dp; (2.43)
Ilm(M) :=
Z p lm
M2   p2 dp; (2.44)
Jll :=
Z p 1
p cos    sgn(z0)l sin 
l
M2   p2 dp; (2.45)
Jlm :=
Z p 1
p cos    sgn(z0)l sin 
m
M2   p2 dp (2.46)
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?????, ????????? (A.3)??????,
A =
1
j
log
 sgn(z0) sin  + jp
cos  + jj
; (2.47)
Il(M) =
q
M2    2l arctan
lq
M2    2l
  l; (2.48)
Ill(M) =
 2l  M2
iM
arctan
ip
M
+ p; (2.49)
Ilm(M) =
1
min

a 2RF (c  1; c  k2; c)  k
2
3
RD(c  1; c  k2; c)
+
(a 2   1)(a 2   k2)
3
RJ(c  1; c  k2; c; c  a 2)

;
(2.50)
Jll =
cos 
n
Il(M)  Il

sin 
l
o
  sgn(z0) sin 
n
Ill(M)  Ill

sin 
l
o
M2   (sin =l)2 ; (2.51)
Jlm =
cos 
n
Il(M)  Il

sin 
l
o
  sgn(z0) sin 
n
Ilm(M)  Ilm

sin 
l
o
M2   (sin =l)2 (2.52)
??????????????. ???,
Max := max f1; 2g ; (2.53)
min := min f1; 2g ; (2.54)
a := MaxM; (2.55)
k := min=Max; (2.56)
c := 1=(Maxp)
2 (2.57)
???, RF ; RD;??? RJ ?????? 1?, ? 2?, ???? 3? Carleson ??????????. Carleson
[1995] ??????????
RF (x; y; z) =
1
2
Z 1
0
1p
(t+ x)(t+ y)(t+ z)
dt; (2.58)
RD(x; y; z) =
3
2
Z 1
0
p
(t+ x)(t+ y)
(t+ z)
p
t+ z
dt; (2.59)
RJ(x; y; z; p) =
3
2
Z 1
0
1
(t+ p)
p
(t+ x)(t+ y)(t+ z)
dt (2.60)
??????. Carlson [1995] ????????, ????????????????????????????
??????????????. ????, ???????? BIEM ????????????????????.
2.3 ????????????????
2.3.1 2???????????
?????????? BIEM????????, ???????????????????????????
??????. ???????????, x-z ??????, z = 0 ????????. ?? ; ????  ???
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????? S???, ????????. ??, ??? ?????????, +??????? z > 0????
?,  ??????? z < 0??????????????. ??????????, Birch [1961] ??????
?, ???? Poisson????????????????, ??????????? +=  = +=  ?????
? 10?????????????? [Hirano & Yamashita 2011] ??, ?????????????. ????
???,  = 1   +=  ????????????. ?????????????????????????,
????????????, ????? 2 ??????????????????????????. ?? AR02
???, ????????????????????????? (2.11)???????????
S S = <

kk   jj
kk + jj

(2.61)
??????????????????????????, ????????????????????????
?, ????????? p?????????????? ? 9 ?????????? S S ???,  =  15?
? 30?? 2??????????. ????????????, ???? 90(??), 60, ??? 30 ????
????????????????, ????????????????????, ??????????? S S
?????? 3??????????????????. ?????????????????????????
????. ?????, ?? =  15?????????? =  30?????????????????
??????. ???????,  = 30? ? 2?????????????.
???? 2???????????, ?????????????????????. Rybicki & Yamashita
[2008] ?, ?????????????????????, ?????????????????????. ??
????, ???????? , ????????? 0xy ??? 0zy ????,
+0zy = 
 0
zy ;
+0xy
+
=
 0xy
 
(2.62)
?????????????????. ??? 1?????????????????????, ??? 2???
?????? xy?????????????.
????????????????, ?????????, ???????????????????????
??. ???????, ??????? 1) ???, ?????????? 2???????????, 2) ????
????????????, 3) ????? z < 0????????????????????????????
???????????.
??? 1???? 2??????, ??????????, ?????????????????  ????
???????. ??????????, +?  ?????, ? (2.62)??????????????????
????????. ????????????????  ???????????????? xy;zy ?
???,
zy = 
 cos ; (2.63)
xy = 
 sin  (2.64)
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???, ??? (2.62)?, ?????????????????????????????,
+zy = 
 
zy; (2.65)
+xy
+
=
 xy
 
(2.66)
?????, ?????????,
+ =  
s
cos2   +

+
 
sin  
2
; (2.67)
tan +
+
=
tan  
 
(2.68)
???. ????????,   = 90; 45 ? 2?????, + ????????????????????.
? 3????????, ???????????? V r ????? S??????????????????
? V +r =+ = V  r =  ??????????. ??????????????????? 2??????????
???????????????. ????????????????, ????????? V +r = V  r ????
?????????, V  r =  < 1???????, ??   > +????, V +r =+ > 1 ???????????
?, ????????????????? S???????????????????????????????
??????, ??????. ????????, V r = = 0:9 ??? 0:7 ? 2??????.
??????, ????????????????????? 10, ????????, ?A.4??????. Case
A ??????????????. ??? Case B ??????????????????? 45??????
??, ?????????????????? (2.68)?????????. Case A+; B+ ??????????
??? (??????????) ???????, Case A ; B  ??????????? (??????????)
???????. Case C+ ???????????????????, Case A+ ??????????????
???.
2.3.2 ???????, ????????????????
???????, ???????????????????? 256???, implicit time-marching scheme [Tada
2009] ????????. ??????????? 1???????????????, ???????????
????????????. ??????????????? S?????????, ????? S??????
????????????. ?????????, ?????????????.
????????? 11?? 15???. ?????????????????. Case A+ ????, ? 11-(a)
???????????????????, ????????????? (??????) ??????????
????????????. ????????????, ???????????????? (??? 11-(a)??
??????? +1??????) ????????????????????? Bonafede et al. [2002] ???
????????, ??????????????????????????????????????. ??,
??????????????????????????, ? 11-(b)??? (c)??????????????
????. ??????????, ????????????????, ??????????????????
28
?????????????????. ??????????????? 45????????????????
????, ???????? S???????????????. ???????????????????, ?
?????????????, ??????????????????????, ??????????????.
??? Case B+ (? 12) ?????, Case A+ ?????????????????????. ???????
? Case A+ ????????????????????, ????????????????????????
??????????. ??????????????????????????????????????, ?
???????????????????????????????????????, ???????????
??????????????????????????????????????????.
??? Case A  (? 13)?????, ????????????????. ??? Case A+ ????????
??????????, S???????????????. ????? Case A+ ??????????, ??
?????????????????????????????????????. ????????????
Case B  (? 14)??????????, ??? Case A  ?????????????????. ??????
????????????????.
????????????????????? Case C+ (? 15)???????????????, Case A+ ?
????????????????????????????, ????????????????????.
????, ??????????????????????????????????????????. ??
??????????????, ????????????????????????, ??????????. ?
???????????????????????, ???????????????????????????
???????. ???????????????????????????.
2.4 ???????????????????
2.4.1 ??????????????????????????????
??????????????????????????????????, ???????????????
?????. ??, ???????????????????????????????????????, ??
??????????????????????, ????????????????????????????
??.
???????, ??????, ????????????????????????????, ??????
???????????????????????????. ?????, ????????????????
???????????????????????. ??????????????, Dieterich [1972] ? Rice
& Ruina [1983] ??, Coulomb ??????????????????????????????, ???? Di
Toro et al. [2011] ???????????, ???????, ????????????????, 10 4 m/s ??
?? 0.7????????, 1 m/s ?? 0.0?0.4???????????????????. ???????, ?
?? cm/s ?????????????????????, ????????????????????????
??????, ?????????????????????????????????????. ??????
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??????, Cochard & Madariaga [1994], Ampuero & Ben-Zion [2008] ??? Gabriel et al. [2012] ????
?????????????
f = s + 
V
V + Vc
   
 + Vc
;
_ =
V   
Dc=Vc
(2.69)
????????????????????. ???, f ?????, s ???????, V ?????, ??
???, Dc ??????, ;  ????, ????? Vc ?????????????????. ???????,
??????????????, ????????, ???????, ??????????????, ?????,
???????????????, ??????????????????????, ????????????
???????????. ???, ???????????????????????????????????
?????, ?????????????????????????????????????????????
????. ?????????????????????, ????????????????????????
??????????????, ????????????????????????????????????
?????????.
?????????????????????????, ????????????????????????
???????????. ????, ??????????????????????????, case A+, B+, ?
?? C+ ????, ????????????????????????????????????. ?????
?????, ??????????????????????, ??????????????????????
????????????????. ??????????????????????????, ???????
?????????????????????????, ?????????????????????????
????????????????, ????????????????????, ?????????????
?????, ???????????????????????????????????????, ?????
????????????????. ??, ???????????????????????????????
?, ?????????????????????????????. ??, ? 11-(a) ????????????
??, ????????????????, ???????????????????????????????
??????????, ??????????????, ?????????????????. ???????
??????, ?????????????, ????? BIEM ????????????????, ?????
?????????????????. ?????????????, ???????????????????
???????, ???????????????????????????????????????, ???
?????? case A+, B+, ??? C+ ?????????????????????, ???????????
???????????????????????????????, 1) ?????????????, 2) ???
??????????, ??? 3) ??????? 3???????????????????. ???????
????????????, ????????????, ?????????????????????????
???. ??, ???????????????????????, ????????????????, ????
????????????????????????????????????????????, ??????
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?????????????????????????. ??????????????, ??????????
?????????????.
???, ??????????????????????????????????????????????
????, ???????????????????????????. Wada & Goto [2012] ?, ??????
???????????????????????? [Somerville 2003] ???, ??????????????
???????????????????????. ????????????????mode-II??????,
?????????????????????????. ??????????????????????, ??
?????????????????????????????????? S?????????????, ??
????????????????????????. ?????????????????????????
????????????????????, ??????????????????????????????
?. ?????????????, ?????mode-III?????, ????????????????????
???????, ????????????????????????. ???, ??????????????
???????, ????????????????????? (??????) ??????????????
?, ??????????, ??????????????????????????????????????
????????????. ???, ????????????????????????????, ?????
?????????????????????, ???????? Wada & Goto [2012] ???????????
????.
2.4.2 ???????????????
??????? BIEM ?????, ??????? 2?????????????????????, Goto et
al. [2010] ????????????????????, ?????????????????????????
??????????. Goto et al. [2010] ?, BIEM?, ??????????????????, ??????
??????????? FEM?????????, ??????????????. Goto et al. [2010] ???
?, ?????????????????????????, FEM????????????????????
??????, ????????????????????, ??????????? BIEM?????? FEM
????????????. ??????????????, ???????????? 2??????????,
1) ????????? FEM??????, 2) ??????????? FEM??????, ??? 3) ????
??????? BIEM??????? 3????????, (1)???? (2)???????, ??? (3)????
???????????. ??????, ?????????????, (1)?????????????????
??, ???? (2)???????????????? FEM??????????, ??? (3)????????
???????????????? BIEM? FEM?????????????????, ??????????
???????????, ????????? BIEM?????????????????????. ?????
???? FEM????????????????????????????????????????????
?, ???????????????????, ?????????????, FEM?????????????
????????????????????. ?????????????, ???????????, ????
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????????????????????????????, ?????????? FEM?????????
??? FEM???????????????????.
????????????, ?????????? BIEM???????. ????????????, FEM
???????????????, ???????????????????????????????????
?, ???????????, ????????????????????????, ??? BIEM??????
???????????. ????????????????????? BIEM???????????, ???
?????????????????????????????????????? FEM??????????
??.
2.5 ??
????????????????, ???????????????????????????????, ?
???????????????????????????, ???????????????????????.
???????????????????????????????, Wada & Goto [2012], Kusakabe [2013] ?
?????????????????, ?????????????????????????????????
??, ?????????????????????????????????????????. ??, ???
?????????????? BIEM?????, ?? Kusakabe [2013] ? XBIEM ????????????
????, ????????????????????????????????????. ?????????
????????, BIEM ????, ????????????????????????????????. ?
??????????????? S????????, ?????????????????????????
???????????, ???????????????, BIEM ????????????????????
??????????????????????????????, ????????????????????
?????. ??????????, Kusakabe [2013] ???????????????, ?????? Kusakabe
[2013] ????????????????????????????????????????, ???????
???????????????????????????????????????, ???????????
??????????????????????, Wada & Goto [2012] ??????????????. ???
?????????????????????????, ??? 2004?????? 2007???????????
????, ??????????????????, ????????????????????. ??, Goto et
al. [2010] ??? FEM ? BIEM ????????????????????? BIEM ???????????
???, ??????????????????????????? FEM ?????????????????
????. ?????????????????????????????, ????????????????
????????, ????????????????????????????????, ?????????
????????????????????????????????.
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???????????????
?????, ???????, ??????????????????????????, ?????????
????????????????????????????????. ?????????????, ????
?????????????????????????????.
???????????????????, ??????????????????????????, ???
????. ?????, ??????????? 2????????????????????????????
??????????, ????????????????????????????, ???????????
??????????????????. ???, Hirano & Yamashita [2011] ???????????????
?????????, ????? CFF ???????????, ????? CFF ??????, Rybicki &
Yamashita [2008] ????, ??????? 2??????????????????????????????
??, CFF ??????????????????????????????????????. ??????
????, ???????????, ????????, ?????????????????????????
?????????????????????????.
??, ???????, ???????????? 2??????????????????????????
??????????????????, ????????????????????????????????
????????????????. ????? 1?, ? 2??????????, ?????????????
?????????????, ??????????????????????????. ??????, ? 1?
??????????????, ?????????????????????????. ??, ? 2?????
????????????, ?????????????????????????????????. 2???
??????????????????????????, ??????????????????????? 4
?? (???????) ???? 6?? (???????) ???????????, ?????????????
?????????????????????????. ?????, ???????????????????
?? 1?????????????, ?????????????????????????? 2???????
????????????????????.
????, ??????????????????????????, ?????????????? 2???
?????????????????????????????. ?????????????, ???????
????????????????, ???????????????????????, ??????????
?????????????????????????. ????????????????????????
?, ??? 2??????????????????????? 2????????????????????
???????????????, ?????????????????????????????????, ?
??????????, ??? 1????????? S ?????????. ???????????????
? S????????????????, ????????????????????????. ???????
??????, ????????????????????, ???????????????????????
?????????????. ???, ?????????????????????????????????
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?, ??????????????????????????????????????, ??????? N ?
????????????????, 2????????????????? N + 2????????????
?????????????????????, ????????????. ????????????????
? N ?????, ????????????????????????????????. ?????????
????, ???????????????, ?????????? (2.69)?????????????????
???, Ampuero & Ben-Zion [2008] ??????????????? Vc?????????????, Gabriel
et al. [2012] ??????? Vc?????? S ?????????????. ???, ??????????, ?
????????, ???? (2.69)????? s; ; , ??? Dc ??????????. ??, ???????
??????????? N = 10????????, Gabriel et al. [2012] ?????????????????
???????3????, ??????????????????????????????????????
????????????????????????. ???????????????, Ampuero & Ben-Zion
[2008] ?????????? Gabrierl et al. [2012] ???????????????, 7???? Poisson???
?????????, ?????????????????????????????????. ???????
???? 2???????????, ?????????????. ???? 2??????????, ????
??????? (2.69)????????????????????????, ???????????????
???????????, ???????????N = 10?????? 2?????????????????
N = 12 (Poisson????????????????) ???, ??????????????????????
??. ?? Gabrierl et al. [2012] ??? (N = 3) ????? 2????????????, N = 5???, ??
?????????????????. ?????, ??????????????????? 2???????
????, ???????????????????????????????. ??????????????
?????????????????????, ???????????, ?????????????????
????????????, ??????????????????????????????????, ???
??????????????????????.
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????????????, ?????????, ?????????.
????????????????????, ????????????????????????????.
??????????, ????????????????????????????????, ???????
??????????????????. ??, ?????????, ???????????????????
??????????, ?????????????????????????. ??????????????
?, ????????????????????????????. ????????????????????
??????????????. ??????????.
?????????????,????????????????????. ?????????????, BIEM
??????, ????????????????????????????????????, ???????
???????????????????, ????????????????????????????. ??
?????????????????????????????XBIEM???????????, ??????
? 2???????????????????, ??????????A.4?????????????????
??????, ?????????????????????????????????. ???????, ??
?????????????.
????????????????, ?????????????, ??????, ??????, ??????
?????????????????, ???????????????????????, ?????????
??????????. ???????????????????????????, ????????????
?, ??????????????????????????????. ??????????????????
???????????????????????, ???????????????????????????
??. ??????? 2???????????????????????, ????????????????
??????????????????????????????????. ????????????????
??, ??????????????????????????, ?????????, ???????????
??????????????????????????????????????.
????????????????????????????????, ????, ????, ???????
????????????????, ??????????????????, ???????????????
???????. ?????????????????????????????????????.
??????? 1??????????????, ?Harvard??? James R. Rice???, Southern California
??? Yehuda Ben-Zion?????, ????????????. ?? Rice???? 6???????????
???????????, ?????????????????????????, ?? Rice????????
????????????????, ????????????????????????????????. ?
? Ben-Zion???, ????????????, ????????????????????????????
??. ???????????, ? 1???????????????????????????.
????????, ???????????????????????????, ???????????.
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A ??
A.1 ?????? BIEM ???????????
?????, ?????? BIEM ???????????????. ?????????????????, ?
?????????????????????, ??????????????, ??????????????
????. ?, ??????????????????????????????????. ?????????
?, ?????????????? (x0; z0) ????????? (x; z) ????? j ?????????????
??, ??? (x0; z0) ??? j ?????????, (x; z) ?????? k ?????????????????.
AR02 ???, ???? Green ??????????????, ? (2.11) ??? (2.12)?????
GT =
1
2jsj

2jj
jj + kk

e s(t ); (A.1)
t   = p(x  x0) + j jz0j+ kjzj (A.2)
???. ?????? p ?????????????????, AR02 ???????????, ???? (A.2)
?????. ? (A.1) ??? (A.2)??, ? (2.16)??? (2.17)?????,
@GT
@x
=  @GT
@x0
=
@
@t
(pGT ); (A.3)
@GT
@z0
= sgn(z0)
@
@t
(jGT ); (A.4)
@GT
@z
= sgn(z)
@
@t
(kGT ); (A.5)
@GT
@z0
=   @
@z

j
k
GT

(A.6)
??????????. ????????????????????????, sgn(z)=sgn(z0) =  1 ?????
????. ? (A.3)?? (A.6)?????, ? (2.18)??? (2.19)?????,0@ @
@
1A =
0@ cos  sin 
  sin  cos 
1A0@ @x
j
k
@z
1A ; (A.7)
0@ @x
@z
1A =  
0@ cos    sin 
k
j
sin  kj cos 
1A0@ @
@
1A (A.8)
?????. ???? (A.3)?? (A.8)?????????, ? (2.21)??? (2.22)????,
Ki;nxy;T =  jk=
8<:sgn(z0)
"Z n
n 1
jGT d
#i
i 1
+
sin 
2j
"Z i
i 1
GT d
#n
n 1
9=; ; (A.9)
Ki;nzy;T = jk=
8<: 
"Z n
n 1
p
k
j
GT d
#i
i 1
+
cos 
2j
"Z i
i 1
k
j
GT d
#n
n 1
9=; (A.10)
??????????.
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? (A.9)??? (A.10)???? 1?????????,
Z  0@  sgn(z0)j
 pk=j
1AGT d = Z 
0@  sgn(z0)j
 pk=j
1A ~GT dp
dt
d
=
Z p0@ sgn(z0)j
pk=j
1A ~GT dp
(A.11)
??????.
? (A.9)??? (A.10)???? 2?????????, ????????????????, ????????
?, ? (2.28)????? Z 
GT d =  
Z p ~GT dp
p cos    sgn(z0)j sin  ; (A.12)Z  k
j
GT d =  
Z p ~GT
p cos    sgn(z0)j sin 
k
j
dp (A.13)
?????????.
??????? BIEM ?????, ? (2.29)?? (2.32)??????
Ki;nxy;T = jk=
h
[Ixy;T ]
i
i 1
it n
t n 1
; (A.14)
Ixy;T =
Z p
dp ~GT
(
sgn(z0)j +
sin 
2j
1
p cos    sgn(z0)j sin 
)
; (A.15)
Ki;nzy;T = jk=
h
[Izy;T ]
i
i 1
it n
t n 1
; (A.16)
Izy;T =
Z p
dp ~GT
k
j
(
p  cos 
2j
1
p cos    sgn(z0)j sin 
)
(A.17)
??????????.
?????????, ? (A.1)??
~GT =
1
2j
2jj
jj + kk
1
j
=
1

1
jj + kk
(A.18)
?????, ? (2.34)????????????????,
~GT =
1

1
jj + kk
=
1

Cjj + Ckk
M2   p2 (A.19)
???????????, ? (2.30)??? (2.32)????
Ixy;T =
1

Z p
dp
Cjj + Ckk
M2   p2
(
sgn(z0)j +
sin 
2j
1
p cos    sgn(z0)j sin 
)
; (A.20)
Izy;T =
1

Z p
dp
Cjj + Ckk
M2   p2
k
j
(
p  cos 
2j
1
p cos    sgn(z0)j sin 
)
(A.21)
?????. Ixy;T ?????, ? (2.30)????????????????????, ???
Ixy;T =
1

[sgn(z0) fCjIjj(M) + CkIjk(M)g+B sin ] (A.22)
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????. Izy;T ?????,
k
M2   p2
k
j
=
 2k   p2
M2   p2
j
 2j   p2
=   
 2
k   p2
M2    2j
j
(
1
M2   p2  
1
 2j   p2
)
=   j
M2    2j
(
 2k  M2
M2   p2 + 1 
 2k    2j
 2j   p2
  1
)
=
j
M2    2j
(
M2    2k
M2   p2  
 2j    2k
 2j   p2
)
=
M2    2k
M2    2j
j
M2   p2  
 2j    2k
M2    2j
1
j
(A.23)
???
M2    2k
M2    2j
=

j
k
2
;
 2j    2k
M2    2j
=

j
k
2
  1 (A.24)
???????????, ? (2.40)?? (2.46)????????????,Z p
dp
Cjj + Ckk
M2   p2
k
j
(
p  cos 
2j
1
p cos    sgn(z0)j sin 
)
=
Z p
dp
"
Cjk
M2   p2 +

j
k
2
Ckj
M2   p2  
(
j
k
2
  1
)
Ck
j
#(
p  cos 
2j
1
p cos    sgn(z0)j sin 
)
=
j
k
Z p
dp

1
jj
  Cjj + Ckk
M2   p2
(
p  cos 
2j
1
p cos    sgn(z0)j sin 
)
=  1
k
f[j +A cos ] + j [CjIj(M) + CkIk(M) B cos ]g
(A.25)
???.
??????,
Ixy;T =
1

[ sgn(z) fCjIjj(M) + CkIjk(M)g+B sin ] ; (A.26)
Izy;T =   1
k
f[j +A cos ] + j [CjIj(M) + CkIk(M) B cos ]g (A.27)
????, ???? (A.14)??? (A.16)????????, ?????????? BIEM???????.
A.2 ???????????????? p????
? (2.11)??????????? p??????? 2????????????????, ? (A.2)?????
???? p?????????. AR02???? p????????????????????, ???????
????. ????? (A.2)????  = 0; x0 = 0?????????????,
t  px = j jz0j+ k jzj (A.28)
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? p?????????????????. ??????? 2??, ?????????? 2j ??? 2k ????
??????????????? 2????,0BBBBBBBBBB@
R4   Z4
 4txR2
2R2T 2 + (2tx)2 +
 
 2j + 
 2
k

Z4
 4txT 2
T 4  

Z2
jk
2
1CCCCCCCCCCA

0BBBBBBBBB@
p4
p3
p2
p
1
1CCCCCCCCCA
= 0 (A.29)
??? p????? 4???????. ???
R2 = x2 + z2 + z02; (A.30)
Z2 = 2zz0; (A.31)
T 2 = t2  

z
k
2
 

z0
j
2
(A.32)
????. 4????? Ferrari ?????????????????????????, ????????? 4
??????. Cagniard de-Hoop ????? p?????????? [AR02], ??????????????
??????????????, ???? p? 2???????. ???, ???? 2???????????
?, t   px = j jz0j  k jzj??? 2?????????????????????????????. ???
t px = j jz0j k jzj?????????????????????, p? 4??????, t px = j jz0j+k jzj
??????????????????????????.
A.3 BIEM?????????????????
????? (2.47)?? (2.52)?????????????. ?, ?????????????????????
??, ?????? (2.29)????????????????????, ??????????????????
????.
A?????, p2   (sin =j)2 = (cos =j)2   2j ????????, ?????
A :=
1
2j
Z p 1
p cos    sgn(z0)j sin 
dp
j
=   1
2j
(
sgn(z0) sin 
Z p j
p2   (sin =j)2
dp
j
  cos 
Z p p
(cos =j)2   2j
dp
j
)
=
1
j

sgn(z0) tanh 1
jp
sin 
+ tanh 1
jj
cos 

=
1
j
log
 sgn(z0) sin  + jp
cos  + jj
(A.33)
?????????????.
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Il(M); Ill(M); Jll ?????,
Il(M) :=
Z p pl
M2   p2 dp
=
Z p 2l
M2    2l + 2l
p
l
dp
=  
Z l 2l
M2    2l + 2l
dl
=
Z l  M2    2l
M2    2l + 2l
  1

dl
=
q
M2    2l arctan
lq
M2    2l
  l;
(A.34)
Ill(M) :=
Z p 2l
M2   p2 dp
=
Z p 2l  M2
M2   p2 + 1

dp
=
 2l  M2
iM
arctan
ip
M
+ p;
(A.35)
Jll :=
Z p 1
p cos    sgn(z0)l sin 
l
M2   p2 dp
=
Z p p cos    sgn(z0)l sin 
p2   (sin =l)2
l
M2   p2 dp
=
Z p p cos    sgn(z0)l sin 
M2   (sin =l)2

1
M2   p2  
1
(sin =l)2   p2

ldp
=
cos 
n
Il(M)  Il

sin 
l
o
  sgn(z0) sin 
n
Ill(M)  Ill

sin 
l
o
M2   (sin =l)2
(A.36)
?????????????. Jlm ?????, Jll ????????.
??? Ilm(M)??????????????????.
Max := max f1; 2g ; (A.37)
min := min f1; 2g ; (A.38)
a := MaxM; (A.39)
k := min=Max; (A.40)
q := Maxp (A.41)
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??????, Z p lm
M2   p2 dp =
Z p q 2Max   p2q 2min   p2
M2   p2 dp
=
1
min
Z q p1  q2p1  k2q2
a2   q2 dq
=
1
min
Z q (1  a2 + a2   q2)p1  k2q2
(a2   q2)
p
1  q2 dq
=
1
min
(Z q (1  a2)p1  k2q2
(a2   q2)
p
1  q2 dq +
Z q p1  k2q2p
1  q2 dq
)
=
1
min
(Z q (1  a2)p1  k2q2
(a2   q2)
p
1  q2 dq + E(q; k)
)
(A.42)
???, ??Z q p1  k2q2
(a2   q2)
p
1  q2 dq =
Z q 1  k2a2 + k2a2   k2q2
(a2   q2)
p
1  q2
p
1  k2q2 dq
=
Z q 1  k2a2
(a2   q2)
p
1  q2
p
1  k2q2 dq +
Z q k2p
1  q2
p
1  k2q2 dq
=
Z q a 2   k2
(1  a 2q2)
p
1  q2
p
1  k2q2 dq +
Z q k2p
1  q2
p
1  k2q2 dq
= (a 2   k2)(q; k; a 2) + k2F (q; k)
(A.43)
???. ???, F;E, ???  ?????? 1??? 2?????? 3????????? Legendre????
??. ??? Ilm ?Z p lm
M2   p2 dp =
1  a2
min

(a 2   k2)(q; k; a 2) + k2F (q; k)	+ 1
min
E(q; k) (A.44)
??????. c := 1=q2 ????, ????? (2.60)?????? Carlson ???? RF ; RD; ??? RJ ?
???
F (q; k) = RF (c  1; c  k2; c); (A.45)
E(q; k) = RF (c  1; c  k2; c)  k
2
3
RD(c  1; c  k2; c); (A.46)
(q; k; a 2) = RF (c  1; c  k2; c) + 1
3a2
RJ(c  1; c  k2; c; c  a 2) (A.47)
?????????? [Carlson 1995], ???,
Ilm =
Z p lm
M2   p2 dp =
1
min

a 2RF   k
2
3
RD +
(a 2   1)(a 2   k2)
3
RJ

(A.48)
?????.
A.4 BIEM???????????????????, ??????????????
????? 2????? 2???????????? BIEM ?????, ????????????????
????????????????????, Kusakabe [2013] ????????? XBIEM ????????,
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??????? BIEM ??????????????????. ? (2.7)??? (2.8)??????????, ?
???? (i; n) = (1; 1)?????????, ????? 1  0?????, ?? 0?? 1????, ?????
?? V 1;1 ???????, ? (x; z; t)???????????????. ????? BIEM ?????????
??????. ???????????? XBIEM ??????, ?????????????????????
????????. ?????????, ???????????, S??????? 1, ??? 0.5?????. ?
?????, ?????? 1, ?????? ( 5; 10), ??? x????????? 45?, ????? V 1;1 = 1,
????? (0; 1) = (0; 0:5)???. ??????????, (x; z) = (0;2) ??? (0;4)? 4?????, ?
? 0  t  25???? 2000?????????. ??, XBIEM ?????, ???????????????
????????????, ????? 40???????. ? 16??????????. ??????????
????????, XBIEM??????, ?????????????, ??????????????????
?????????????????????????.
???, ????????????????????????????????????. ?????, ? A.4
? Case A+ ??????????????, ???? 512??? 512?????????? 1?? 7?????.
???????, CPU:Intel Core i7-980(6cores, 3.33GHz), RAM:DDR3(12GB) ?????????? PC???
?, ????? Fortran 90 ?, intel fortran composer ? OpenMP ????????????????. ? 2.2.1
????????, ?????? BIEM?TY97??? BIEM?????, ?????????????????
?????????, ?????????????????????????????????????. ???
???????????????????????, ???, ???????? 128???? 45?, 256????
6?, 512???? 47?????. ????????, i???????? j?????????????? n??
??????????????????????, i; j; n??????????, ??????? 3???????
???????, ?????????????. ??, ??????????????????????????
???????????? 4????????, ??????????????????????????, ??
???????????????????????????????? (?, ????? I/O?????????
????????). ??????? BIEM????????????????????, ??? Carlson [1995]
????????????????????????????????. ??, ???????????????
???????????????????????????, Carlson ???????????????????
???????????, ????????????? Mathematica ???????????????????
??, Fortran ?? Mathematica ???????????????, ????????????????????
??????????. ??, ???????? i; j; n???????????, ??????????????
?????????????????????, ???????????. ???, ?????????????
???????, ??????????????????????.
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? 3: ??????????????????, ??? (1.19) ???????, ??? S ??????? R=L ?????. ???? Rice et al. [2005] ??
????????, ??????????????????? (??????) ?????.
? 4: ???????????????????, ??? (1.19) ???????, ??? S ??????? R=L ?????. ?????, ?????????
?, ????????????, ?????????? Rayleigh ??? 70%, 80%, 90%, 95%????????. ???????????, ????????
???????????????.
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? 5: ????????????????????????. ???????????????????, Galilei ?????, 1=c ?????????????
?????. ????????? (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r)cGR=Gsoft ???, ??? Gsoft ??????????????????. ?, ???????????????
??. ?????, ??????????, ????????????, ?????????? Rayleigh ??? 70%, 80%, 90%, 95%????????. ??
???? S = 8, ?????? S = 2 ????????.
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??????, ???????????? , ?????????? Rayleigh ??? 70%, 80%, 90%, 95%????????. ?????? S = 8, ????
?? S = 2 ????????.
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? 7: S = 2; +=  = 1:2 ???????, ????????????????????????????? j0j ????????. ??????????
???? (????????) ?????????????.
(a) (b)
? 8: a) ??????   ???  ?????? - ???. b) ???????????????????.
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? 9: a)  =  15 ? ????, ???? S S ????? (??????????????????? p ??????) ????????????????
?. ??????????????????????, ???????????????????????. ????????????????????????
????, ????????????????????. b)  =  30 ? ??????????????.
Initiation point
? 10: ???????????????????. ??????? z = 0 ?????????.  ? S ???,  ???,  ????????????
????????, V r ??????????.
 V r =
   + += 
Case A+ +30% 90% 90 90 2:20
Case B+ +30% 90% 45 66 1:71
Case A   30% 90% 90 90 0:455
Case B   30% 90% 45 19 0:748
Case C+ +30% 70% 90 90 2:20
? 1: ?????????????????????????.
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? 11: case A+ ???. (a) ?????, (b) ???????????????, (c) ? (b) ???????????. ?????????????????.
? 12: case B+ ???.
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? 13: case A  ???.
? 14: case B  ???.
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? 15: case C+ ???.
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? 16: a) BIEM ???? K1;1xy ?, ??????? (??????) ??? XBIEM ??????? (??) ???????????????. ??????
???????? z ??????, ?????????? 450 ?????. b) ??? K1;1zy ?, ????????????. ?????????? 150 ???
??.
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